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Fossil corals are unique archives of past seasonal climate variability, providing vital information about seasonal climate
phenomena such as ENSO and monsoons. However, submarine diagenetic processes can potentially obscure the original cli-
mate signals and lead to false interpretations. Here we demonstrate the potential of laser ablation ICP-MS to rapidly detect
secondary aragonite precipitates in fossil Porites colonies recovered by Integrated Ocean Drilling Program (IODP) Expedition
310 from submerged deglacial reefs oﬀ Tahiti. High resolution (100 lm) measurements of coralline B/Ca, Mg/Ca, S/Ca, and
U/Ca ratios are used to distinguish areas of pristine skeleton from those aﬄicted with secondary aragonite. Measurements of
coralline Sr/Ca, U/Ca and oxygen isotope ratios, from areas identiﬁed as pristine, reveal that the seasonal range of sea surface
temperature in the tropical south Paciﬁc during the last deglaciation (14.7 and 11 ka) was similar to that of today.
 2010 Elsevier Ltd. All rights reserved.1. INTRODUCTION
Better constraints on the tropical ocean environment
during periods of past climate change are required to im-
prove our understanding of the operation of the global cli-
mate system. This is because changes in tropical
seasonality, and associated changes in El Nin˜o-Southern
Oscillation (ENSO) variability, have been implicated as a
trigger of abrupt climate changes (Clement et al., 2001).
Changes in tropical sea surface temperature (SST) have
been shown to precede changes in continental ice volume
by some 3 kyr during the last deglaciation (e.g. Lea et al.,0016-7037/$ - see front matter  2010 Elsevier Ltd. All rights reserved.
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Way, Southampton SO14 3ZH, United Kingdom.2000). Records which can resolve seasonality are important
because there is increasing evidence that rapid climate
change may be linked to a particular season (Denton
et al., 2005). Diﬀerent proxies extracted from marine sedi-
ments, with distinct seasonal biases, can display diﬀerent re-
sponses to such rapid climate change (e.g. Steinke et al.,
2008; Ziegler et al., 2008). Additionally, tropical climate
variability is strongly seasonal, with phenomena like ENSO
and monsoons occurring at certain times of the year, mak-
ing proxy records that can resolve seasonal signals vital.
Obtaining seasonally resolved records from the oceans is
diﬃcult because marine sediments represent mixtures of
decades or even millennia of accumulation. Massive corals,
however, have annual growth bands capable of providing
enhanced time resolution (biweekly to annual) because of
their high growth rate (from 2 to 25 mm/yr; e.g. Felis
et al., 2003; Inoue et al., 2007). Moreover, they contain a
broad array of geochemical tracers within their aragonite
skeleton; for example, Sr/Ca and oxygen isotope ratios of
Fig. 1. X-radiographs (positive print) of the fossil corals slabs used
in this study. Samples for solution ICP-MS and laser ablation ICP-
MS analysis were taken along the axis of maximum growth marked
with the black parallel lines. Arrows indicate direction of coral
growth.
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perature and oxygen isotope composition of surface waters,
at a seasonal resolution (e.g. Beck et al., 1992; Shen et al.,
1992; Tudhope et al., 2001; Corre`ge et al., 2004; Felis
et al., 2004; Kilbourne et al., 2004; Ayling et al., 2006). Cor-
alline U/Ca has also been used to reconstruct SST (e.g. Min
et al., 1995; Ourbak et al., 2006; Felis et al., 2009), while re-
cords of boron isotopes have been used to determine past
changes in seawater pH (e.g. Wei et al., 2009).
Despite their importance, most work on coral-based
geochemical proxies to date has focused on the Holocene
and previous interglacials. This is largely because sea level
was lower than it is today during the last glacial and early
deglaciation, and there has been relatively little time for
deglacial reefs to emerge by tectonic uplift (e.g. Tudhope
et al., 2001). Corals from the last glacial and early degla-
ciation can therefore only be obtained by submarine dril-
ling; this has been done at Barbados, Tahiti and
Kiritimati Atoll, but these samples have mostly been used
for sea level curve construction and radiocarbon calibra-
tion (e.g. Fairbanks, 1989; Bard et al., 1990, 1996;
Fairbanks et al., 2005; Peltier and Fairbanks, 2006). In
the few instances where fossil corals of deglacial age have
been used for palaeoclimate reconstruction, diagenetic
cementation has been observed (Cohen and Hart, 2004;
Corre`ge et al., 2004; Asami et al., 2009). These cements
can form in a matter of years after the coral has precipi-
tated its skeleton (Hendy et al., 2007; Nurhati et al.,
2009), and they are found in both fossil (Allison et al.,
2005, 2007) and modern corals (Mu¨ller et al., 2001; Quinn
and Taylor, 2006; Hendy et al., 2007; Nothdurft et al.,
2007). The chemical composition of the cements is diﬀer-
ent from that of the primary aragonite skeleton and, if
undetected, the cements can produce erroneous estimates
of SST by up to 6 C (Mu¨ller et al., 2001; Cohen and
Hart, 2004; Lazar et al., 2004; Allison et al., 2005, 2007;
Quinn and Taylor, 2006; Hendy et al., 2007). Although
the cements can be recognized with microscopy,
microscopic investigations are generally only qualitative
(McGregor and Abram, 2008) and it is diﬃcult to relate
them to skeletal geochemistry (Bar-Matthews et al.,
1993). Subtle diagenesis can leave geochemical signatures
intact, or could be missed by microscopic investigation
while altering the geochemistry signiﬁcantly. For example,
it is often not possible to investigate with microscopy the
exact same part of the coral skeleton that was sampled for
geochemical analyses.
One way to better identify areas of diagenetic alteration
in corals is laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS). This has been shown to eﬀec-
tively identify diagenetic calcite in coral skeletons (Eggins
et al., 2005). However, in this study, we use it to identify
the presence of secondary aragonite cements in fossil corals
from submerged deglacial reefs oﬀ Tahiti, and we also use it
to directly probe the chemical composition of these precip-
itates. Having identiﬁed ‘pristine’ areas of these corals (i.e.
those that are unaﬀected by diagenesis), we use traditional
solution ICP-MS techniques on drilled samples to deter-
mine the seasonal variation in SST recorded by these corals
from the last deglaciation.2. METHODS
2.1. Samples
Integrated Ocean Drilling Program (IODP) Expedition
310 to Tahiti (French Polynesia) in the central tropical
south Paciﬁc recovered numerous fossil Porites colonies
from submerged deglacial reefs. Two of these fossil corals,
recovered in growth position (Camoin et al., 2007), are
investigated in this study. The ﬁrst (IODP 310 25B 9R1
W 35–45 cm) was drilled oﬀ the north of the island at
12.37 m below sea ﬂoor (mbsf) in 105 m water depth (IODP
Hole M0025B; 14924.250W, 1729.300S) and the second
(IODP 310 7B 21R1 W 0–33 cm) was recovered oﬀ the
south west of the island at 25.45 mbsf in 41.65 m water
depth (IODP Hole M007B; 14933.10W, 1745.90S). The
coral samples were cut into slabs of 0.8–1 cm thick along
the growth plane, avoiding any macroscopic bio-erosion
features. They were then washed with copious amounts of
tap water and dried in an oven at 50 C overnight (Camoin
et al., 2007). Each slab was X-rayed to map the growth
structure and to investigate the preservation of porosity.
Two samples with areas of clear density banding were se-
lected for further analysis (Fig. 1).
Traditional drill sampling was conducted along the axis
of maximum growth, identiﬁed in the X-ray images, using a
1 mm diameter dental drill. A continuous trench with teeth
was drilled (Fig. 1) that was cleaned of powder between
samples with a high pressure air gun. Aliquots of the same
1492 E.C. Hathorne et al. /Geochimica et Cosmochimica Acta 75 (2011) 1490–1506powder were used for trace element and oxygen isotope ra-
tio analyses.
2.2. Laser ablation ICP-MS
Porites slabs were prepared for laser ablation (LA) ICP-
MS analysis by cutting 1 mm thick pieces from the axis of
maximum growth (Fig. 1) using a clean rock saw. In order
to ﬁt the pieces into the laser ablation chamber, they were
broken by hand into segments of <50 mm in length. This
technique avoids loss of material by saw cutting and en-
ables the rough edges to be precisely aligned like pieces of
a jigsaw puzzle. The pieces were thoroughly rinsed in de-
ionized water before being ultrasonicated in pure water
(>18 MX cm) for 5 min, then dried and ﬁxed to a glass side
with double sided carbon adhesive discs.
Scanning LA-ICP-MS analyses were conducted at the
Open University using a 193 nm ArF Excimer laser abla-
tion system (New Wave Research) coupled to a quadrupole
ICP-MS (Agilent 7500 series). Our scanning laser ablation
technique is similar to that developed by Sinclair et al.
(1998), although that study employed a rectangular laser
spot, 600 lm by 20 lm in size. In this study, measurements
of the chemical composition along the growth axis of the
fossil corals were obtained by ﬁring a 100 lm diameter cir-
cular laser spot with a repetition rate of 5 Hz on the coral
surface while continuously moving the piece of coral by
20 lm/s. Ablations were conducted in a stream of He with
a laser power of 5 J/cm2. Under these conditions, material
is removed at a rate of 0.5 lm (in depth) per second (e.g.
Hathorne et al., 2003), so the maximum depth of sampling
(following 10 point smoothing, see below) is 2.5 lm. Thus,
this laser ablation sampling technique is capable of measur-
ing diagenetic features that are <100 lm in length, and up
to 2.5 lm deep. The line analyses are pre-programmed with
the computerized XYZ stage of the laser ablation system to
be parallel to, and a set distance from, the straight edge of
the coral pieces. Each line was generally 6000 lm in length
so each analysis took about 5 min. All line analyses were
preceded by a pre-ablation pass, to remove any surface con-
tamination. For each analysis, the gas blank was measured
ﬁrst with the laser beam blocked by a shutter and the sam-
ple stage stationary. The shutter was then removed, the
sample ablated and the transient signals from the analyte
were then collected for the ablation period. Data were ac-
quired for 7Li, 11B, 24Mg, 25Mg, 31P, 34S, 43Ca, 44Ca, 47Ti,
55Mn, 65Cu, 66Zn, 88Sr, 90Zr, 137Ba, 139La, 140Ce, 232Th
and 238U. Raw counts were processed oﬄine using standard
spreadsheet software and element/Ca ratios were deter-
mined via the method of Rosenthal et al. (1999) using
43Ca as internal standard. Samples were calibrated using
the COCAL calcite and NIST 612 glass standards
(Hathorne et al., 2008). Unfortunately, S is not present in
either the COCAL calcite or NIST 612 glass standards so
S data were calibrated using JCp-1 (Okai et al., 2002,
2004). Typical detection limits based on the standard devi-
ation of the gas blank (3r), given in ppm, are 0.03 for 7Li, 3
for 11B, 0.4 for 25Mg, 90 for 43Ca, 0.4 for 55Mn, 0.2 for
66Zn, 1 for 88Sr, 0.07 for 137Ba, 0.007 for 139La, 0.008 for
140Ce, and 0.01 for 238U.A pressed pellet (Hathorne et al., 2008) of the Porites cor-
al powder reference material JCp-1 (Okai et al., 2002, 2004)
was ablated in the same manner as the samples during each
analytical session for quality control. The average values of
the laser ablation ICP-MS analyses of B, Mg, Sr and U in
JCp-1 agree within the uncertainty with the recommended
values (Okai et al., 2002, 2004), demonstrating the accuracy
of our laser ablation technique. The reproducibility of the
average value from 17 line scans was 10% for B, 1.5% for
Mg, 2.8% for S, 1.0% for Sr and 2.1% for U. Data were ini-
tially treated by taking a 10 point moving average because a
single data point is generated every 0.515 s (the time taken
for a single scan of the mass range), and it takes 5 s for
the laser to move across the spot diameter (100 lm).
Following LA-ICP-MS analysis the orientated coral
pieces were mounted in epoxy resin and thin sections were
made for petrographic analysis. After the positive identiﬁ-
cation of secondary aragonite inﬁllings in the thin sections,
the remaining sample was hand polished and then analyzed
by LA-ICP-MS at the University of Bremen using a solid
state 193 nm laser ablation system (New Wave Research)
connected to an Element 2 sector ﬁeld ICP-MS. Discrete
spots 50 lm in diameter were targeted at the primary and
secondary aragonite and the laser was ﬁred at 10 Hz for
30–40 s. The time resolved signals were generally processed
in the same way as the line scans. However, the data were
ﬁltered with a 2r outlier rejection and only 20 s of signal,
from the period with the most stable Sr/Ca ratio, was inte-
grated. This provided reliable data for B/Ca, Mg/Ca, Sr/Ca
and U/Ca, but S was below detection.2.3. Solution ICP-MS and oxygen isotope analysis
Coral powders were sub-sampled for solution ICP-MS
and oxygen isotope analyses at the University of Bremen.
For details of oxygen isotope analysis, see Felis et al. (2000,
2004). For solution ICP-MS, 200 lg of coral powder was
dissolved in 2% thermally distilled (TD) HNO3, to give a
Ca concentration of 10 ± 2 lg/g. B/Ca, Mg/Ca, Mn/Ca,
Sr/Ca, and U/Ca ratios were measured using an Element 2
sector ﬁeld ICP-MS, in low resolution mode. Calibration
standards were prepared gravimetrically from single element
solutions and trace element/Ca ratios were calculated from
the raw counts using the method of Rosenthal et al. (1999).
Thirteen aliquots of thePorites coral powder referencemate-
rial JCp-1 (Okai et al., 2002, 2004) were treated like samples
and the average values obtained during the course of this
study (n = 31, including repeated measurements) for B/Ca,
Mg/Ca, Mn/Ca, Sr/Ca, and U/Ca were 469 ± 20 lmol/
mol, 4.14 ± 0.02 mmol/mol, 1.36 ± 0.16 lmol/mol, 8.85 ±
0.02 mmol/mol, and 1.09 ± 0.01 lmol/mol, respectively.
Based on these results, the reproducibility (1r) of the analy-
ses is4% for B,0.5% forMg,12% forMn,0.3% for Sr
and 1% for U. The absolute concentrations of these ele-
ments are within the uncertainty of the recommended values
(Okai et al., 2002, 2004); the poorer reproducibility of Mn is
probably due to heterogeneity ofMn in the standard powder.
One centimetre square pieces were cut from the middle
of each coral slab, next to the sampling transect, and pow-
Laser ablation ICP-MS screening of corals 1493dered for X-ray diﬀraction analysis at the Department of
Mineralogy, Bremen University, using standard techniques.
2.4. Uranium series dating
Analyses of U series isotopes were performed at Oxford
University. To this end, 1 cm2 pieces of coral were cut next
to the sampling transect, using a hand-held diamond300
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Fig. 2. Variation in the chemical composition along part of the axis of
ablation ICP-MS. Thin lines show all data; thick lines represent the 10
analysis of a pellet of the JCp-1 coral standard (see Fig. S1).cutting wheel. The pieces were then broken into chips
2–4 mm in size and ultrasonically cleaned in 18 MX cm
water. Dried chips were weighed into Teﬂon beakers, cov-
ered with water and spiked with a mixed 229Th:236U spike
(Robinson et al., 2004). HNO3 was added to the samples,
dropwise, until complete dissolution was achieved. Once
dissolved, 3 ml of aqua regia was added to the samples,
to remove any remaining organic matter. Samples were50 52 54 56 58 60 62
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growth of coral sample 25B 9R1 (36–62 mm), determined by laser
point running average. Error bars show the reproducibility of the
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in 7.5 N HNO3. Separation of both U and Th from the
sample matrix followed the anion exchange technique of
Edwards et al. (1987). U and Th isotope ratios were mea-
sured on a Nu Instruments MC-ICP-MS (Belshaw et al.,
1998). Both U and Th were analyzed statically with 234U
and 230Th measured in an ion counter with all other100
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point running average). Darker lines are from a parallel laser track, oﬀset
of the analysis of a pellet of the JCp-1 coral standard (see Fig. S1).isotopes in faraday collectors. For 234U/238U and Th iso-
tope ratios, correction of collector and other machine biases
was achieved by bracketing sample measurements with a
standard, matching the intensities of the isotope collected
in the ion counter between sample and standards. The stan-
dards used were CRM-145 for U and an in-house
232Th:230Th:229Th isotopic standard for Th. 238U/236U40 50 60
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fractionation law to correct the 238U/235U ratio to the nat-
ural ratio of 137.88. Uncertainties in isotope ratios were
typically 0.07& for 238U/236U, 0.9& for 234U/238U, and
3.7& for 230Th/229Th. Blanks were 1 fg for 230Th and
30 pg for 238U. Ages were calculated with Isoplot software
(Ludwig, 2003), using the half lives of Cheng et al. (2000),
and are reported in ka before AD 1950. A small correction
for initial 230Th was made assuming all 232Th is scavenged100
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(10 point running average). Error bars are the same as shown in Fig. 3.from seawater and the water has 232Th/230Th atomic ratio
of 20,000 (Roy-Barman et al., 1996).
3. RESULTS
3.1. X-radiographs
The X-radiographs show a dense layer near the outer sur-
faces of the corals associated with coralgal and microbialite0 80 100 120
 coral top (mm)
9R1
f coral of sample 25B 9R1, as determined by laser ablation ICP-MS
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free of (dark) dense patches that are indicative of substantial
cementation (e.g. McGregor and Gagan, 2003; Felis et al.,
2004; Hendy et al., 2007). In the case of sample 25B 9R1,
a crust can also be identiﬁed at the bottom of the coral,
suggesting that the coral colony grew on the crust. BothDistance form
7B 21R
δ1
8 O
 (
‰
)
020
3
4
5
6
7
-2.8
-3
-3.2
-3.4
-3.6
-3.8
400
440
480
520
560
600
M
g/
C
a 
(m
m
ol
/m
ol
)
B
/C
a 
(µ
m
ol
/m
ol
)
Mg
δ18O
1
Fig. 5. Solution ICP-MS and oxygen isotope data for drilled powder sam
to be diagenetically altered based on petrographic analysis is shown by th
Sr/Ca data.coralgal and microbialite crusts are composed of high Mg
calcite (Camoin et al., 1999; Halfar et al., 2008), that
can potentially contaminate the coral aragonite. The bound-
ary between the crust and coral is not distinct in the
X-radiographs, so alternative techniques to precisely deﬁne
the boundary are required. top (mm)
1
0604
9.2
9.1
9.0
8.9
1.2
1.1
1.0
0.9
U
/C
a 
(µ
m
ol
/m
ol
)
S
r/
C
a 
(m
m
ol
/m
ol
) 
/Ca
Sr/Ca
B/Ca
U/Ca
2
3
ples from sample 7B 21R1 (11 ka). The area of the coral considered
e grey bar. Annual cycles are identiﬁed by the numbers next to the
Laser ablation ICP-MS screening of corals 14973.2. Laser ablation ICP-MS
Seventeen separate analyses of a pellet made from the
JCp-1 coral standard indicate that the noise of the raw scan-
ning laser ablation ICP-MS signal for Mg/Ca, S/Ca, Sr/Ca
and U/Ca ratios is 10% (average of 17 separate analyses
over 5 days). This reduces to 2–3% following 10 point
smoothing, as expected for random noise with an amplitude
of 10% (Sinclair et al., 2005). Theoretical considerations also
predict that the smoothed noise should show ﬂuctuations on
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lessMg and Sr than the JCp-1 standard. The precision of line
analyses of B/Ca in JCp-1 is between 10 and 20%, while for
Mn/Ca it is >20%. Again, it seems likely thatMn is not hom-
ogenously distributed in JCp-1; note that the reproducibility
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coral samples exhibit variability that is greater than the
analytical precision for Mg/Ca, S/Ca, U/Ca and, in parts,
for B/Ca (Fig. 2). The variability of Sr/Ca is relatively small
and generally within the analytical precision, even after
smoothing (Fig. 2). For the other elements, 10 point
smoothing captures all but the ﬁne-scale variations, that
are in any case below the resolution of our technique (i.e.
<100 lm). Comparison of parallel tracks, 500 lm apart,
shows that these ﬁne-scale variations are not reproducible
(Fig. 3 and Supplementary Fig. S2); this behaviour has also
been observed in high resolution analyses of modern Porites
skeletons (Sinclair, 2005).
Laser ablation ICP-MS tracks of sample 7B 21R1
clearly pick out the high Mg calcite crust on its outer sur-
face, where Mg/Ca values exceed 100 mmol/mol (Fig. 3).
The outermost 20 mm of the sample has very variable
B, Mg and S/Ca ratios, with exceptionally low values be-
tween 2 and 10 mm and 15 and 20 mm. This pattern is
reproduced in a parallel laser track 500 lm away
(Fig. 3). What is clear from both tracks is that Sr/Ca and
U/Ca are, on average, higher in these intervals of low B,
Mg and S/Ca. At a distance of >20 mm from the coral sur-
face, the range of B/Ca, Mg/Ca, S/Ca, Sr/Ca and U/Ca val-
ues decreases.M
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laser will have sampled a diﬀerent surface to that seen in the thin sections.
are indicated on the composite image in the centre of the ﬁgure. High res
rectangles depict areas aﬄicted with secondary aragonite and white recta
and (f) are shown in Fig. 8.Laser ablation ICP-MS tracks for sample 25B 9R1 also
pick out the crustal material; Mg/Ca ratios at the top and
bottom of the coral slab are >100 mmol/mol (Fig. 4). The
transition from high Mg/Ca to more ‘normal’ coral values
(5–3 mmol/mol, e.g. Mitsuguchi et al., 2008) is gradual at
the top of the coral but very sharp (<100 lm) at the bottom,
consistent with the coral having grown on top of the lower
crust. The outermost 10 mm of coral is characterized by
relatively low and variable B, S, and Mg/Ca, but the exact
positioning of the zone is not the same for each element.
The lowermost few mm of the coral also has low and vari-
able B, S, and Mg/Ca; both of these low B, S, and Mg/Ca
zones also have elevated Sr/Ca and U/Ca ratios.
3.3. Drilled powder analyses
Solution ICP-MS and d18O analyses of the powders
drilled from sample 7B 21R1 reveal three and a half annual
cycles in Sr/Ca and d18O in the lower part of the coral
(Fig. 5). The data for the upper part of the coral are less
clear, although two humps in both the Sr/Ca and d18O
could be interpreted as annual cycles. B and Mg/Ca show
no obvious seasonal cycles, although changes in U/Ca seem
to track changes in Sr/Ca and d18O. The U-series age for
this sample is 11.01 ± 0.04 ka.e (mm)
15 20 25
)d()
laser ablation ICP-MS) for the upper most part of sample 25B 9R1.
wever, polishing during the thin section making process means the
The locations of the higher magniﬁcation photo micrographs (a–d)
olution images of (a–d) are available in the electronic annex. Black
ngles indicate areas observed to be pristine. Photo micrographs (e)
Laser ablation ICP-MS screening of corals 1499Trace element/Ca and d18O measurements of the pow-
der samples drilled from sample 25B 9R1 display ﬁve an-
nual cycles in Sr/Ca, U/Ca and d18O in the centre of the
coral (Fig. 6). In the outermost part of coral (as opposed
to crust) most of the elements appear unaltered, but the
B/Ca and d18O both increase dramatically. Again B/Ca
and Mg/Ca do not display a clear seasonal cycle. The U-
series age for this sample is 14.73 ± 0.06 ka.
3.4. Petrographic and spot LA-ICP-MS analyses
Thin sections of the fossil coral pieces reveal that some
pores are ﬁlled with needle shaped crystals that are indica-
tive of secondary aragonite (e.g. Bar-Matthews et al., 1993;
Enmar et al., 2000; Cohen and Hart, 2004; Allison et al.,
2007; Hendy et al., 2007; McGregor and Abram, 2008)
(Figs. 7 and 8). This inﬁlling is greatest close to the upper
surface of the colony, and it is generally absent at a depthFig. 8. Photo micrographs of thin sections of Tahiti corals. (a) Detail o
indicates the location of Fig. 7b. (b) Detail of the upper part of sample 25B
(c) Detail of the upper part of the sample 7B 21R1. Rectangle indicates th
Higher magniﬁcation images of the upper part of sample 25B 9R1 sample
secondary aragonite. CC, calcite crust; SA, secondary aragonite; and CAof >10 mm from the surface. However, in detail the pattern
is patchy (Figs. 7 and 8), and sample 25B 9R1 also exhibits
some inﬁlling at the base of the colony.
Discrete spot analyses of secondary aragonite inﬁllings
together with adjacent areas of pristine primary aragonite
reveal that the secondary aragonite has lower Mg/Ca and
B/Ca relative to primary aragonite, and slightly higher
U/Ca and Sr/Ca (Fig. 9).
4. DISCUSSION
4.1. Identifying diagenesis
4.1.1. Chemical signature of the coralgal and microbialite
crusts
The sequence of encrustation of massive corals by coral-
line algae and then by microbialites is well known from the
deglacial reefs of Tahiti (Seard et al., 2011). Although thef the upper part of sample 25B 9R1 as shown in Fig. 7. Rectangle
9R1 as shown in Fig. 7. Rectangle indicates the location of Fig. 7d.
e location of the higher magniﬁcation image shown in (d). (e and f)
(locations marked in Fig. 7) showing the transition to no inﬁlling of
, coral aragonite.
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Fig. 9. Chemical composition of secondary and primary aragonite
in sample 25B 9R1 as determined by discrete spot laser ablation
ICP-MS. Analyses of material that could not unequivocally be
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optics of the laser ablation system, see Supplementary Figs. 3 for
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the extension of crust into the outer parts of the coral skel-
eton, would normally be avoided for geochemical sampling,
we conducted LA-ICP-MS analyses of the very top of each
coral piece including the crusts. Both coralgal and micro-
bialite crusts are formed of high Mg calcite (Camoin
et al., 1999; Halfar et al., 2008; Seard et al., 2011) making
LA-ICP-MS derived Mg/Ca ratios an eﬃcient means to
identify areas of coral skeleton contaminated with these ce-
ments. For example, a single 50 lm spot on the algal crust
has a Mg/Ca value of 200 mmol/mol, which is some 50
times greater than that of the coral aragonite. Interestingly,
the areas aﬀected by the crusts not only have high Mg/Cavalues but also elevated Mn and rare earth element concen-
trations (not shown) compared to the barely detectable lev-
els in the pristine coral skeleton.
The relatively quick and high spatial resolution laser
ablation technique should also be useful for detecting small
calcite-ﬁlled micro-borings (10 lm in diameter) that have
been observed in modern corals (Nothdurft et al., 2007).
The advantage of LA-ICP-MS over other techniques (e.g.
XRD or micro-Raman spectroscopy) for the detection of
high Mg calcite is that it requires little sample preparation
and is quick to perform. However, the real advantage of the
laser ablation technique is in the analysis of secondary
aragonite.
4.1.2. Chemical composition of secondary aragonite
Aragonite cements found in the coral pores have been
observed to be syndepositional, precipitated shortly after
the skeleton itself (e.g. James and Ginsburg, 1979;
Constantz, 1986). A study of the pore water chemistry within
a single coral head found a slight decrease in the Ca concen-
tration associated with a decrease in alkalinity and con-
cluded these deviations from seawater chemistry most
likely resulted from secondary aragonite precipitation
(Enmar et al., 2000). However, a slightly elevated Ca con-
centration has been observed in reef pore waters from
Hawaii (Tribble et al., 1990) and also in some samples from
the IODP drilling at Tahiti (Camoin et al., 2007). This sug-
gests that aragonite dissolution is occurring in places within
the reef driven by organic matter diagenesis, most likely
associated microbial sulfate reduction (Sansone et al.,
1990; Tribble et al., 1990). In other parts of the reef (or coral
head) secondary aragonite is precipitated (Tribble et al.,
1990). Secondary aragonite cementation therefore probably
occurs in micro-zones (Sansone et al., 1990) where the solu-
tion is not in equilibrium with the bulk solution (Pingitore,
1982). This is supported by the patchy nature of the second-
ary aragonite on the microscopic scale that can clearly be
seen in the composite thin section image of the upper part
of sample 25B 9R1 (Figs. 7 and 8).
Discrete spot analysis of secondary aragonite inﬁllings
together with adjacent areas of pristine primary aragonite
reveal that the secondary aragonite has lower Mg/Ca and
B/Ca relative to primary aragonite, and slightly higher
U/Ca and Sr/Ca (Fig. 9). In addition, line laser ablation
ICP-MS analyses (Figs. 3 and 4) show that when B, Mg
and S/Ca values are low, they also display a greater range
of values that is presumably due to the very patchy distribu-
tion of secondary aragonite, and the nature of the sampling,
which can move from a clean cross section of a coral ele-
ment to a secondary aragonite coated pore very quickly.
The patchy nature of the secondary aragonite, and its eﬀect
on Mg/Ca, is clearly illustrated in Fig. 7. A comparison of
the B/Ca versus the Mg/Ca ratios of line analyses from the
areas aﬀected by secondary aragonite (5–16 mm) with areas
of ‘pristine’ coral (16–27 mm) shows that both B/Ca and
Mg/Ca ratios can be used to identify the presence of sec-
ondary aragonite (Fig. 10). At a depth of 22 mm
(Fig. 7), the laser appears to have picked up a small patch
of secondary aragonite that was not identiﬁed in thin
section (Fig. 10); this patch may have been polished away
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Fig. 10. B/Ca versus Mg/Ca ratios determined by scanning laser
ablation ICP-MS for sections of sample 25B 9R1. For purposes of
comparison the unsmoothed data have been decimated to reduce
the number of data points (Sinclair et al., 2005). The upper section
(5–16 mm) is aﬄicted with secondary aragonite while the lower
section (16–27 mm) is considered to be pristine, based on petro-
graphic analysis (Fig. 7). The shaded area shows B/Ca ratios
<300 lmol/mol and Mg/Ca ratios <2.5 mmol/mol, which appear
to be diagnostic of secondary aragonite (Fig. 9). Error bars are the
same as in Fig. 3.
Laser ablation ICP-MS screening of corals 1501during thin section preparation. The patchy nature of
secondary aragonite demands thorough petrographic inves-
tigation of any areas deemed suspicious based on line laser
ablation B/Ca and Mg/Ca data.
A few other studies have also measured the trace ele-
ment composition of secondary aragonite and found it to
be depleted in B, Mg and S and enriched in U relative to
the original skeleton (Bar-Matthews et al., 1993; Enmar
et al., 2000; Lazar et al., 2004; Allison et al., 2007; Hendy
et al., 2007). Importantly, the absolute values for B/Ca
and Mg/Ca that we obtain here are remarkably similar to
those reported for secondary aragonite found in fossil cor-
als from Hawaii (Allison et al., 2007). This suggests that the
composition of secondary aragonite cements may be rela-
tively constant and could therefore provide a geochemical
ﬁngerprint of diagenesis. The distinctly diﬀerent trace ele-
ment chemistry of biogenic aragonite relative to inorganic
aragonite is probably due to lattice distortions caused by
organic additives (e.g. Pokroy et al., 2004) as well as diﬀer-
ences in the chemical composition of the precipitating solu-
tion. For example, the lower B/Ca of secondary aragonite is
consistent with a lower pH in pore waters compared to the
elevated pH at the site of calciﬁcation during biomineraliza-
tion (e.g. Sinclair and Risk, 2006).
The laser sampling scale of 100 lm was chosen as it
approximates the size of Porites pore spaces and skeletal ele-
ments. As the coral surface, with its unpolished three dimen-
sional form, is moved under the continuously ﬁring laser,
the laser will not only sample the cut surface of coral skeletal
elements but the natural surface of elements exposed in porespaces. Based on the average chemical composition of
secondary aragonite revealed in this study as well as the
literature (B/Ca = 200 lmol/mol, Mg/Ca = 1 mmol/mol
and S/Ca = 2 mmol/mol), and the lower limit of the
element/Ca ratio of primary coral aragonite (B/Ca = 350 l-
mol/mol, Mg/Ca = 2.5 mmol/mol and S/Ca = 4.5 mmol/
mol), <30% of the aragonite needs to be altered in order
to detect a reduction in B, Mg and S/Ca values by our scan-
ning laser ablation ICP-MS technique. However, the nature
of the laser sampling means that only 30% of a 100 lm
diameter laser spot needs to sample a pore with a secondary
aragonite coating <2.5 lm thick, so the overall amount of
secondary aragonite does not need to be high. Allison
et al. (2007) have shown that 1% of aragonite cement in a
drilled powder sample could produce temperature recon-
structions based on Sr/Ca that are 0.2 C too cool. As a
1 lm rind surrounding a 100 lm skeletal element represents
only2% secondary aragonite, this means that the scanning
LA-ICP-MS technique can detect quantities of secondary
aragonite that are capable of biasing SST reconstructions
by <1 C.
The laser ablation technique used here is an extremely
powerful tool to help assess the preservation of fossil corals
as it allows the entire sampling track for traditional pow-
dered analyses to be scanned for diagenetic cements. This
could be readily achieved with minimal sample preparation
by using a specially designed ablation cell capable of han-
dling whole coral slabs, such as that described in Eggins
et al. (2005). In Fig. 6 we show U/Ca obtained by LA-
ICP-MS (dashed line), smoothed and averaged for mm sec-
tions along the ﬁrst part of the sampling transect, for which
LA-ICP-MS and solution ICP-MS sampling are in close
proximity. There is general agreement between the
smoothed LA-ICP-MS data and solution ICP-MS data
but because of the patchy nature of the diagenetic precipi-
tates and the large diﬀerence in the sampling length and
depth scales of the laser and drill sampling, only the general
trends can be compared. LA-ICP-MS has been successfully
used to generate proxy records using a laser spot some
600 lm wide (e.g. Sinclair et al., 1998; Ayling et al., 2006;
Deng et al., 2010), but sampling such a wide area means
that information useful for assessing preservation is lost.
Additionally, with current technology, the precision of the
LA-ICP-MS technique cannot rival that of solution ICP
(e.g. 1% versus 0.3% for Sr/Ca, Sections 2.2 and 2.3) and
the relative changes in coral proxies such as Sr/Ca are small
(7% for a 10 C change in temperature). Therefore, we
employ solution ICP-MS techniques to reconstruct SST
from the pristine sections of these unique fossil coral
samples.
4.2. Deglacial SST reconstruction
Solution ICP-MS analysis of microdrilled material from
pristine areas of the coral reveal clear annual cycles in Sr/Ca,
d18O and U/Ca (Figs. 5 and 6). There is no obvious seasonal
variation in Mg/Ca, but this is not surprising because (i) Mg
does not substitute for Ca in coral aragonite but exists as a
disordered material (Finch and Allison, 2008), (ii) Mg con-
tent varies greatly across diﬀerent skeletal structures (e.g.
1502 E.C. Hathorne et al. /Geochimica et Cosmochimica Acta 75 (2011) 1490–1506Meibom et al., 2008) and (iii) recent studies indicate that
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Laser ablation ICP-MS screening of corals 1503SST with generally good results (e.g. Min et al., 1995; Shen
and Dunbar, 1995; Corre`ge et al., 2000; Quinn and
Sampson, 2002; Ourbak et al., 2006; Felis et al., 2009) and
Sr/Ca and d18O ratios are well established SST and
SST/salinity proxies, respectively (recently reviewed by
Corre`ge, 2006). Our records of the last deglaciation from
Tahiti corals are too short to say anything about inter-
annual variability, but by stacking the SST records for each
year (taken as the period between Sr/Ca maxima and shown
as the diﬀerence in SST from the mean of the investigated
years, DSST), the intra-annual range of past SST can be ob-
served (Fig. 11). The Sr/Ca ratios of these corals indicate
that the amplitude of the SST seasonal cycle at Tahiti was
<3 C at 14.7 and 11 ka. This is not signiﬁcantly diﬀerent
from the modern seasonal SST range at Tahiti of 2.0 to
2.5 C (Min et al., 1995; Cahyarini et al., 2008). Measure-
ments of d18O and U/Ca in sample 25B 9R1 (14.7 ka) also
indicate that the annual variation in SST is <3 C, but
d18O and U/Ca records from sample 7B 21R1 (11 ka) sug-
gest that the range in annual SST is lower than that derived
from the Sr/Ca data. This discrepancy is probably related to
changes in seawater salinity; note that d18O increases signif-
icantly from the base of sample 7B 21R1 (11 ka) (Fig. 5),
which suggests that seawater became saltier during the
growth of this coral. Indeed, the change in d18Osw calculated
from the Sr/Ca and d18O data (using the centring method
described in Cahyarini et al., 2008) is of the order of 0.8&
for sample 7B 21R1. This shift would represent a >1 psu
increase in salinity (LeGrande and Schmidt, 2006) which is
unlikely to occur at this locality today (Gouriou and Delc-
roix, 2002). In this connection, it should be noted that
changes in seawater chemistry are often correlated, so addi-
tional factors such as a change in seawater pH and therefore
in U speciation could aﬀect both the U/Ca and d18O records
(Min et al., 1995; Shen and Dunbar, 1995; Lazar et al., 2004;
Ourbak et al., 2006).
Sr/Ca ratios are a particularly robust indicator of SST if
the composition of seawater is variable, and coral growth
rates are comparable to those observed here (7–20 mm/yr)
(e.g. Gagan et al., 1998; Felis et al., 2004, 2009; Inoue
et al., 2007; Asami et al., 2009). Our Sr/Ca data clearly indi-
cate that the amplitude of the SST seasonal cycle at Tahiti
was similar to that of today at 14.7 and 11 ka. The annual
range in SST at Tahiti during other periods of the deglaci-
ation (14.2, 13 and 12.4 ka) is also reported to be similar to
that observed today (Cohen and Hart, 2004; Asami et al.,
2009). Taken together, these data therefore indicate that
the annual SST cycle at Tahiti was relatively stable during
the deglaciation, even though this was a time of dramatic
climate change. Importantly, our sample from 14.7 ka coin-
cides with the onset of the rapid Bølling warming event re-
corded in Greenland ice (e.g. NGRIP members, 2004), and
atmospheric CO2 concentrations measured in the EPICA
Dome C ice core increased sharply from 225 to 240 ppmv
at this time (Monnin et al., 2001, CH4 synchronized with
the GICC05 timescale, see EPICA community members,
2006). The Atlantic Meridional Overturning Circulation
(AMOC) is thought to have accelerated dramatically dur-
ing the Bølling warming event, and it varied greatly in
strength during the deglaciation (McManus et al., 2004;Praetorius et al., 2008). Given that there were substantial
changes in important components of Earth’s climate system
between 14.7 ka and today, records that suggest that the an-
nual range in south Paciﬁc SST show little change are
potentially very interesting. However, the annual cycle of
solar insolation at 17.5S shows little change over this per-
iod (e.g. Asami et al., 2009), although it is important to note
that the seasonal SST cycle in the tropical ocean is by no
means a simple linear function of insolation, being strongly
inﬂuenced by cloudiness (e.g. Laepple and Lohmann, 2009).
By contrast, increased seasonality observed at Vanuatu
during the Younger Dryas event (12 ka) has been linked
to the compression of southeastern Paciﬁc tropical waters
towards the equator (Corre`ge et al., 2004). Taken together,
these few snapshots of tropical SST seasonality during peri-
ods of rapid climate change demonstrate the need for more
spatial and temporal coverage to improve our understand-
ing of the global climate system.
Studies of a number of diﬀerent modern coral colonies,
from a single location, have revealed that there are inter-
colony variations in average Sr/Ca which would generate
3 C diﬀerences in estimated SST. However, the range in
annual Sr/Ca is the same for all of the coral colonies (e.g.
Felis et al., 2004). Therefore reconstructions of absolute
SSTs based on coral data should be treated with caution
but, using the relationship between Sr/Ca and SST obtained
for modern Tahiti corals (Cahyarini et al., 2008, corrected
for a laboratory oﬀset of 0.19 mmol/mol, D. Garbe
Scho¨nberg, personal communication), we estimate that the
mean annual SST at Tahiti was 2 C lower at 14.7 ka than
it is today. This assumes that the Sr/Ca ratio of seawater at
14.7 ka was the same as it is today; if, however, seawater
Sr/Ca decreased during the last deglaciation (e.g. Stoll and
Schrag, 1998), then SST would be only 1 C lower than
it is today. The same exercise indicates that the mean annual
SST at 11 ka was1 C lower than it is today. Reassuringly,
both of these estimates (14.7 and 11 ka) agree well with trop-
ical Paciﬁc SST reconstructions based on the Mg/Ca ratios
of planktonic foraminifera (e.g. Stott et al., 2007).
5. CONCLUSIONS
The laser ablation ICP-MS technique that we describe
here is an extremely powerful tool for assessing the preserva-
tion of fossil corals by virtue of its (1) high resolution length
scale sampling, (2) multi-element capability, (3) relatively
fast data acquisition (>6 cm/day), (4) micro-destructive
nature, and (5) the minimal sample preparation required.
We demonstrate that areas aﬀected by secondary aragonite
cements exhibit lower B, Mg and S/Ca ratios and have
elevated Sr and U/Ca ratios relative to the primary arago-
nite skeleton. Moreover, the results that we have obtained
for Tahiti corals suggest that laser ablation ICP-MS analy-
ses of B/Ca andMg/Ca provide an eﬀective geochemical ﬁn-
gerprint for the presence of secondary aragonite in the coral
skeleton.
In order to assess the preservation state of fossil corals,
we recommend ﬁrst using LA-ICP-MS to scan for arago-
nite and calcite cements before conducting petrographic
investigations on any areas deemed suspicious. Using parts
1504 E.C. Hathorne et al. /Geochimica et Cosmochimica Acta 75 (2011) 1490–1506of fossil corals conﬁrmed to be pristine in this way, we dem-
onstrate that the seasonal variation in SST at Tahiti during
the last deglaciation (14.7 and 11 ka) was similar to that of
today.
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